Abstract-High-performance collision handling, which is divided into the five phases detection, isolation, estimation, classification and reaction, is a fundamental robot capability for safe and sensitive operation/interaction in unknown environments. For complex humanoid robots collision handling is obviously significantly more complex than for classical static manipulators. In particular, the robot stability during the collision reaction phase has to be carefully designed and relies on high fidelity contact information that is generated during the first three phases. In this paper, a unified realtime algorithm is presented for determining unknown contact forces and contact locations for humanoid robots based on proprioceptive sensing only, i.e. joint position, velocity and torque, as well as force/torque sensing along the structure. The proposed scheme is based on nonlinear model-based momentum observers that are able to recover the unknown contact forces and the respective locations. The dynamic loads acting on internal force/torque sensors are also corrected based on a novel nonlinear compensator. The theoretical capabilities of the presented methods are evaluated in simulation with the Atlas robot. In summary, we propose a full solution to the problem of collision detection, collision isolation and collision identification for the general class of humanoid robots.
I. INTRODUCTION AND STATE OF THE ART
Humanoid robots executing manipulation tasks are usually in contact with their environment at several contact points. Figure 1 depicts an Atlas robot in a typical manipulation scenario. The robot is in contact with its environment at the feet via ground contacts and the hands for executing a desired manipulation task. Furthermore, an unwanted contact with a colliding object at the knee is indicated. In order to correctly react to such collisions the robot has to have the ability to detect collisions, analyze the contact situation(s) and react accordingly. In summary, the collision has to be detected, isolated and identified.
Several approaches to the problem of collision detection for manipulators exist already. In [22] , [19] a model based reference torque is compared to the actuator torque measured via motor currents. [12] uses a similar approach with an adaptive impedance controller. [20] observes disturbance torques on a per joint basis, ignoring the coupling between the joints. All of the above methods employ time invariant thresholds for collision detection. A drawback of all the aforementioned methods is that they require acceleration measurements, which generally introduce high noise.
Usually, approaches to finding the contact location (collision isolation) utilize tactile skins [2] , [11] , [10] , [18] . With a suitable tactile skin, the contact location can be found precisely and robustly. However, it is obviously desirable to be able to do so without the need of additional sensors, using only proprioceptive sensing. Collision identification aims for finding the timely evolution of the external contact wrench F ext (t) and the external generalized force τ ext (t). External joint torque estimation for serial link robots with fixed 1 The authors are members of the Institute of Automatic Control at Leibniz Universität Hannover, lastname@irt.uni-hannover.de. base was proposed in [6] , which was then extended to and validated for flexible joint robots with the DLR lightweight robot in [3] . This was the first method to simultaneously detect collisions, find the contact link (not location) and estimate the external torques, i.e. solve the first three phases of the collision handling problem. The approach utilizes the decoupling property of a generalized momentum based disturbance observer [4] , [9] , which does not rely on the measurement of accelerations. An extension to the scheme to use time variant thresholds for collision detection based on the estimated modeling error can be found in [16] , [17] .
Contact wrenches are often determined with the help of force/torque sensors. [14] uses a generalized momentum based disturbance observer with directly excluded measured foot forces to estimate only external joint torques resulting from manipulation for the humanoid robot TORO. For contact force estimation contacts at the hands were assumed. In [8] the ground contact forces at the feet of a humanoid robot are estimated with an optimal load distribution approach based on desired gross applied force. For the NASA robot Valkyrie these are measured with force/torque sensors located in the ankles [15] .
In this paper, we develop a model based real-time method for detecting contacts, finding contact locations and estimating the corresponding contact wrenches in the absence of external sensors, i.e., based on proprioceptive sensing only. The scheme does neither require prior knowledge of the number nor of the location of the contacts. Furthermore, and in contrast to existing work, it considers also arbitrarily placed load compensated force/torque sensors along the robot structure. Given the condition that the sensory setup is sufficient to estimate the acting contact wrenches, the only assumption required solely for collision isolation is the absence of external moments. The proposed method is verified in simulation. In summary, the main contributions of this paper are 1) the unified solution of the collision detection, isola-tion and identification for humanoid robots based on proprioceptive sensors only, 2) a new real-time method for acceleration estimation and load compensation in humanoid robots for force/torque sensors that are arbitrarily located in the kinematic robot chain, 3) a novel method for estimating contact location and contact forces in single contact scenarios for humanoid robots and the 4) extension to multi-contact situations with and without the help of additional force/torque sensors in the kinematic chain. This paper focuses on the theoretical aspects of the proposed methods. The algorithms are therefore evaluated in basic simulation setups. Current research efforts aim for investigating the robustness of the proposed method in more realistic simulations and real world setups.
The remainder of the paper is structured as follows. In Section II the considered robot model is introduced and the overall problem description is formalized. Section III outlines our method for compensating dynamic loads in force/torque sensors along the kinematic chains in humanoid robots. Then, Section IV outlines the solution to detecting collisions, finding contact locations and estimating the contact forces. Thereafter, in Section VI, various aspects about the developed algorithms are evaluated for a simulated Atlas robot. Finally, Sec. VII concludes the paper and provides an outline of future work.
II. PROBLEM FORMULATION A. Floating Base Robot Model
A rigid humanoid robot can be modeled by
MBB(q) MBJ(q) MJB(q) MJJ(qJ)
q B qJ + CB(q,q) CJ(q,q)
where q B = r T denote the generalized coordinates of the floating base and the full robot. They consist of the Cartesian base position r B ∈ R 3 , Euler angle base orientation ϕ B ∈ R 3 and joint angles q J ∈ R nJ . Base and joint entries are marked with index "B" and "J", respectively. Furthermore, (1) can be written in the more compact form
where M (q) denotes the mass matrix, C(q,q) the matrix of centrifugal and Coriolis terms and g(q) the gravity vector. The vectors τ m , τ f and τ ext denote the generalized motor, friction and external forces for the single contact case.
The external wrench F ext acting on a point of contact r C on robot link i is projected via the corresponding geometric floating base Jacobian J (C, i) to the generalized external forces T relateṡ r C = RJ Jt (C, i)q J and ω i = RJ JR (C, i)q J [14] , [1] . Cartesian moments m B are projected to the base generalized rotation coordinates with the same angular velocity Jacobian J ω that relates the rotational base twist ω B = J ω (ϕ B )φ B to the derivative of the generalized coordinates for the chosen rotation representationφ B . Note that in the following all vectors are expressed in world frame.
B. Collision Detection, Isolation and Identification
In this paper a humanoid robot is considered to have dynamics according to (2) and to be equipped with joint torque, position and velocity sensing as well as an arbitrary number of force/torque sensors placed in the kinematic chain, see Fig. 2 . In addition, the base orientation ϕ B and the base twistẋ B can be measured. Now, the objective is to detect, isolate and identify any collision along the robot structure for possibly multiple collisions. In this context, collision detection means to generate a number of binary signals indicating whether a collision is happening or not at a certain topological part of the robot. Isolation denotes to find the contact location r C k for the k-th collision. Identification aims for estimating the timely evolution of the generalized external forces τ ext,k (t) and the external contact wrenches F ext,k (t). In summary, the objective is to find all contact locations and the corresponding contact wrenches. Table I lists the measurement quantities required to solve the problem and provides examples of suitable sensors. Note that joint acceleration is typically not measured. Furthermore, common acceleration sensors usually suffer from drift.
III. COLLISION IDENTIFICATION -PART I
The first step of the proposed solution is to obtain an estimateτ ε of the generalized external forces τ ext generated by all contacts. This can be achieved with the generalized momentum observer from [4] , [5] , [7] , which is defined aŝ
It generates an estimateτ ε of the generalized external forces acting on the robot, where K O = diag{k O,i } > 0 is the observer gain matrix and
due to the skew-symmetry ofṀ (q) − 2C(q,q) [3] . Under ideal conditions, which means that q,q, M (q), C(q,q), g(q) are known exactly, the observer dynamics are decoupled and every componentτ ε follows the first order dynamics
Therefore,τ ε is simply a first order filtered version of τ ext .
A. Estimating Generalized Acceleration
In order to be able to determine as many contact wrenches and locations as possible, the external torques already isolated and identified by force/torque sensors are to be excluded from the observed generalized external forcesτ ε [21] . Therefore, we need to compensate for the dynamic and static forces generated by the mass/inertia attached to each sensor. For this compensation, the acceleration in Cartesian spacë x D of its center of mass D is required. Assuming the sensor S to be mounted on link i, it may simply be calculated viä
As one can see, the generalized accelerationq is needed to calculate the Cartesian acceleration. An estimateq ofq can be obtained from extending the disturbance observer (4). Using its inner statê
the estimated acceleration follows aŝ
The dynamics of the acceleration error e :=q −q can be derived using (8):
Using the Laplace transform on (6) and (10) and assuming M (q) to change slowly, we achieve the following dynamics:
. . .
The error dynamics (11) consist of a vector with a linear dynamics triggered by τ ext , which is coupled nonlinearly by the inverted mass matrix to the error e. The estimateq can be used to calculateẍ D according to (7) and therefore the external wrench F ext , as shown next. Figure 3 depicts the free body diagram of a distal link containing a force/torque sensor S measuring a wrench F S . The left part belongs to the link connected to the base holding the sensor. The right part represents the body attached to the sensor generating gravitational and dynamic forces measured in the sensor. The body mass is m D and its inertia tensor I D . Newton's second law yields
B. Dynamic Load Compensation a) Distal Sensor Case:
It follows for the sensed external forcē
Obviously, equation (13) shows that the sensor does not measure the pure external forces only, but also forces due to gravity and inertia. Thus, F S has to be corrected in order to obtain the true external wrench.
To derive the external moment, Euler's law of rigid body motion is applied to the center of gravity D of the body:
This leads to the sensed external moment
Equations (13) and (14) result in the sensed external wrench
I 3 denotes the three dimensional unit matrix, g the Cartesian gravity vector, r DS the vector from the center of mass of the inertia attached to the sensor to the sensor and 0 the zero matrix of suitable size. All entities are expressed in the world frame. Usingq instead ofq in (7) to computex D one obtains the estimated external wrench acting in S aŝ (18) and simply have to be summed up for compensation. Note that this operation explicitly corresponds to the NewtonEuler method for calculating multibody dynamics. Therefore, in this case, the estimated external wrench sensed in S becomeŝ
N (b s ) denotes the set of all bodies succeeding link b s , that contains the sensor in the kinematic chain. For multiple sensors in a kinematic chain (e.g. in each joint), the compensation wrenches can be calculated recursively to avoid multiple calculations, see Algorithm 1. The code uses the set M (S), denoting all sensors T ∈ M (S) directly succeeding S. This means there is no further sensor between S and an element of M (S) in the kinematic chain connecting the two.
F c,S + =F c,T + 0 r ST ×f ext,T end end Algorithm 1: Dynamic load compensation for multiple force/torque sensors located along the structure
C. Generalized Contact Force Estimation
It is to be considered for the estimation of the contact wrenches and also for the collision detection that the observer detects generalized external forces originating from all external contacts. In particular with a humanoid, we usually have desired contacts (e.g. at the feet during locomotion or hands during manipulation), these contact forces have to be measured with force/torque sensors close to the corresponding end-effectors (e.g. at the wrists and ankles) in order to enable exclusion from the observed generalized forces and avoid undesired collision detections ("false alarms").
The full scheme consisting of observer and compensation is depicted in Fig. 4 . For sake of simplicity force/torque sensors in all distal links of the arms and legs are assumed, denoted by the set S distal . The more general case, where one or more distal links do not have a force/torque sensor will be left for future work at this point. The general consequence of such a setup would be a limited ability to detect, isolate and identify collisions occurring between the end-effector and the most distal force/torque sensor in the kinematic chain. The generalized external forces caused by the external wrenches at the distal links are subtracted from the observed generalized forces to obtain the estimated generalized forces originating from unexpected collisionsτ ext,col aŝ
where i S denotes the link containing the sensor S. Now that the force/torque sensors are compensated and the desired external wrenches of the distal parts of the robot are excluded from the observed generalized external forces, collision detection can be performed.
D. Collision Detection
Collision detection is simply done via thresholding the generalized forces and estimated external wrencheŝ τ ext,col > τ thresh (element wise) or
The information coming with evaluating (21) can also be used to roughly estimate the contact location. Contacts can always be located behind the last joint or sensor exceeding the threshold and before the next sensor not exceeding it, respectively. To gain more precise information about the contact link, the external wrenches F ext,k are needed (see also Fig. 5 ). The next section shows, how to obtain F ext,k and how to use it for collision isolation.
IV. COLLISION ISOLATION Collision isolation cannot be generally handled for the case when external moments act along the robot. For this case, the contact location of an additionally acting contact force cannot be located exactly. Thus, for solving the isolation problem we assume no external moments to be acting on the robot (m ext,k = 0), which is a realistic assumption for most undesired collision situations. If this assumption does not hold for a certain contact point, the isolation of this particular contact point will fail. However, this does not influence the isolation and identification of other contact points. In summary, isolation is done via the following four step approach:
1) Isolate the contact link, 2) estimate the external wrench acting on the respective contact link, 3) calculate the line of action of the force estimated and 4) determine the exact contact point by intersecting the line of action with the known robot geometry.
For steps 2 and 3 two main scenarios have to be distinguished: single contact and multi contact scenarios. The single contact scenario can be handled with joint torque sensing only, while the multi contact scenario often requires additional force/torque sensors in order to distinguish the different contacts.
A. Single Contact c)
Step 1: The contact link can be found based on the fact that a contact cannot produce torques in joints appearing behind the contact location along the kinematic chain. E.g., a contact at the upper arm cannot produce torques in the wrist. Therefore, the contact link index i can be isolated by i = max{j|τ ext,col,j = 0} (22) given the convention that joint j connects link j to the preceding links of the robot. Note that due to the tree structure of a humanoid, this procedure can lead to multiple potential contact links. It has to be noted also that due to modeling and measurement errors, eq. (22) is subject to thresholding. Also some forces, e.g. forces parallel to the axis of the joint connected to the link they act on, do not produce torques at this joint. This may lead to erroneous estimation of the contact link. However, this problem can be tackled with a correction step introduced at the end of step 4. d)
Step 2: When the contact link i with origin O i is found, the external wrench F i acting on this respective link may be estimated via the Moore-Penrose pseudo inverse of
Step 3: For a single external wrench F ext acting at the contact location r C , the wrench F i in O i may be obtained with the adjoint matrix A(C, O i ) via
Recalling the assumption of absence of external moments (m ext = 0) this results in
(25) From (25), the line of action of the force can be derived. It is described by r A + λf i / f i for λ ∈ R with
Step 4: Due to the properties of the pseudo inverse and the rank deficit of skew symmetric matrices, r A is the point along the line of action of the force, which lies closest to the origin and therefore is not identical to r C in general. However, it is possible to calculate r C by intersecting the line of action of the force with the link geometry of the contact link. If this intersection problem has more than one solution, the one with the smallest parameter λ can e.g. be chosen. This choice is made when we assume a pushing force, which is most common for unexpected collisions. However, all candidates can be generated and utilized if more sophisticated processing is done at a higher level of abstraction.
If the contact link is not estimated correctly, the contact point r C can nonetheless be computed for the single contact case, as the base movement provides sufficient information to determine it. This happens e.g. if the contact force is parallel to the axis of the joint connected to the link it is acting on or line of action of the force crosses this joint axis. In this case, the line of action may happen to not intersect the estimated contact link. Therefore, the contact point r C may be determined correctly by intersecting the line of action also with the subsequent links.
B. Multiple Contacts
For the case of multiple contacts, above method may be used in combination with compensated force/torque sensing. Then, for each sensor, a contact in the kinematic chain following the sensor may be detected by applying steps 3 and 4 for the compensated (in the sense of (16) or (19)) wrenchesF ext,S of the sensors. In case of more than one sensor and more than one contact in the kinematic chain, the wrenches originating from contacts already measured by sensors closer to the distal end of the chain have to be subtracted from the measured wrench. As a sensor sees all contact wrenches acting on subsequent sensors with an additional moment because of the change in lever of the force, in addition to the external wrenches exclusively seen by it, this leads tô
(27) Considering the situation of Fig. 2 for example, two contacts can be detected at the right arm. One by sensor S 3 and one by sensor S 1 , as long as one contact is behind S 1 and the other between S 3 and S 1 . As this is the case for F ext,2 and F ext,5 these two wrenches may be estimated correctly.
If no force/torque sensors are available the correct isolation of multiple contacts is only possible if the contact links are estimated correctly and are far enough away from the base, which means that the Jacobians of the contact links together include at least 6 DOFs per wrench to estimate. For this, the contact wrenches may be calculated by stacking the Jacobians together and calculating the according pseudoinverse
(28) Note that in case of a singularity in the Jacobians additional DOFs may be required to estimate the wrenches correctly. Thereafter, steps 3 and 4 can be applied to each estimated wrench F i . This step may be considered a generalization of eq. (6) in [14] .
V. COLLISION IDENTIFICATION -PART II
Now that the contact points are determined, the full contact Jacobians
may be computed. Similar to (28) they can be used to identify the external wrenches
(30) This step is only neccessary, if the contact points are found in different links than determined by (22) . In this case, measurements of additional joints are used to improve the result of (23). Otherwise, the inverse of (24) can be used directly to calculate the contact wrenches. For wrenches identified with a force/torque sensor, no action has to be taken in this step, as the corrected wrenches are already the best estimates. Figure 5 depicts an overview of the entire algorithm. In the next section, the proposed algorithm is validated in different scenarios with a simulated Atlas robot.
VI. EVALUATION AND CASE STUDIES

A. General Simulation Setup
The simulative setup is as follows. We apply our collision detection, isolation and identification algorithm in simulation to an Atlas robot consisting of cylinders and cuboids as collision geometry from [13] . We assume perfect measurements of the generalized joint forces and the force/torque sensors unless stated differently, meaning all sensors measure the true value without noise or delay. Force/torque sensors are placed at the end-effectors (feet and hands), before the first arm and leg joints and at the upper torso after the three back joints (see Fig. 6 ). Furthermore, all acting external forces comply with the assumption of a pushing force and the line of action of the forces is chosen such that it does not intersect with any other collision body before the contact point. The robot pose (see Fig. 6 ) has been chosen in such a way that the whole body Jacobian has full rank. The robot is modeled in free space, meaning there are no other external forces acting on the robot than the collision forces. The simulation is done on a standard Core i7-3770 PC and the algorithm is run as compiled Matlab functions. With the current implementation, the majority of the runtime for all contact cases is spent on the not yet optimized intersection algorithm.
B. Ideal Analysis of Single Contacts
We compare the ideal performance of the isolation based on estimated generalized external forcesτ only (Sec. IV) to the isolation based only on force/torque sensor measurementŝ F ext,S (from (19)) for a single contact. Dynamic effects due to the observer and load compensation are neglected for sake of clarity. The contact points are distributed randomly and equally over the robot surface. Figure 6 depicts the results of the isolation procedures with some representative samples of the 3000 tested points. With both methods, the contact points are isolated correctly up to rounding errors, if possible. The contacts at the pelvis cannot be seen by any force/torque Fig. 6 : Distribution of true (r C ) and estimated contact locations using two different methods. The pointsr C (τ ) are isolated using only generalized external forces and the pointsr C (F ext,S ) are isolated using the force/torque sensor measurements only. For the pelvis (base link) and first torso links, no force measurement is available. Therefore contact points at these links cannot be found with the latter method. All overlying points are identical up to rounding errors.
sensor and can therefore only be isolated with the generalized external forces acting on the base. The maximum and mean execution times for the isolation of the one contact in this experiment were 0.67 ms and 0.25 ms using force/torque sensors as well as 0.57 ms and 0.17 ms using joint torque measurements only.
C. Ideal Analysis of Multiple Contacts
In the following, we analyze multiple contacts of the type specified in Sec. VI-B.
1) Two Contacts at different links:
The considered contact points are located at different links, since two contacts at the same link cannot be located in our setup. In order to be able to do so, one would need two force/torque sensors in the same link. 5000 random combinations were examined.
The algorithm using generalized forces is able to isolate all two contact point coordinates up to rounding errors if the rank of the Jacobian in (30) is sufficiently high, e.g. rank(J ) = 12 for N C = 2 contact points. Figure 7 shows the success of the isolation for different contact links, which is equivalent to the plot of the rank deficit
For example, a contact at the pelvis (torso chain link 1) and another contact at the left lower leg (left leg chain link 4) does only produce 10 nonzero columns in the stacked Jacobian and the isolation fails (see corresponding entry in Fig. 7) . If instead the foot on the left leg chain (link 6) is in contact, then 12 nonzero columns exist and the isolation succeeds. For a rank deficit, the isolation method minimizes the Cartesian error of the stacked identified wrenches and finds contact points on the entire following kinematic chain. The distribution of errors for different ranks of the Jacobian is shown in Fig. 8 . An error ≤ 25 cm occurs in about 80% of the cases with the joint configuration from Fig. 6 . Please note A green upward triangle marks the successful isolation of both contact points for the given combination. A red downward triangle marks a combination for which it was impossible to isolate the contacts correctly due to rank loss of the combined Jacobian in (28). In some fields, green and red triangles are plotted meaning that for this combination, the isolation was only partly correct. For the combination of the fifth link in the right leg and the first link of the right arm, this is due to the fact, that for some contacts, the joint torque threshold for the last joint is not exceeded and the algorithm is therefore started with a loss of rank in the Jacobian. However, when reducing the joint torque threshold or starting the algorithm with the correct contact links, this could not be observed anymore. In the other cases, the contact point was estimated correctly by accident with a rank deficient Jacobian. Overall 5000 combinations were tested.
that in case of a rank deficit, the algorithm may accidentally estimate an additional contact point, which would be located close to the base. The error is then calculated between the real contact points and the ones estimated in the same kinematic chain. The maximum and mean execution times for the isolation in this experiment were 0.75 ms and 0.28 ms using force/torque sensors as well as 31.8 ms and 3.6 ms using joint torque measurements only.
2) Contacts at four end-effectors: For the considered 30 DoF humanoid, it is possible to detect and isolate up to N C = 5 contacts, if the rank deficit RD is zero. This is the case for four contacts at the end-effectors of every kinematic chain (feet, hands) and an additional contact located at the torso or first shoulder link, which is the typical manipulation scenario from Fig 1. The distribution of position errors for this case are depicted in Fig. 9 with markers for different rank deficits RD.
Without rank deficit, the isolation is successful in all but 5 of the 5000 examined points, where there was no rank deficit. The errors occur in situations, where the joint torque threshold for the last joint in at least one chain is not exceeded. This leads to a Jacobian with rank-deficit for the first iteration step of the algorithm, making it in a few cases impossible to find the correct contact link. However, if the threshold is reduced to 10 −5 N or Nm (for all f ext,i < 1), or the algorithm is started with perfect information about the contact links, no errors are observed. The maximum and mean execution times for the isolation in this experiment were 0.92 ms and 0.52 ms using force/torque sensors as well as 43.2 ms and 11.0 ms using joint torque measurements only. Table II . Without force/torque sensors, up to five contacts can be detected, isolated and identified correctly under certain conditions. With force/torque sensors in the distal links, at least the generalized external manipulation and locomotion forces can be found and further contacts can be isolated by additional force/torque sensors (max. one per sensor) or the first method (up to 5 in theory).
D. Time Series Analysis of a Single Contact
The influence of the observer dynamics on the isolation and identification is investigated by using generalized external forces including observer dynamics. The external force acts over a sinus half wave with an amplitude of one and a cycle time of 40 ms. The observer is run at a sample frequency of 1000 Hz and K O = 500 as suggested in [7] . In this simulation, the observer error and the error in acceleration estimation for the force/torque sensor compensation are assumed to follow the dynamics presented in (6) and (10) respectively. With both methods described before, the contact point is isolated correctly up to numerical errors. If the observed generalized joint forces are used for isolation, there is a delay of one time step, as the filtered generalized forces are still zero for the first time step of the collision. force/torque sensors. It can be seen that if no force/torque sensors are used, the contact force is estimated with a delay of approximately 3 ms. It has to be noted, that the collision will be seen about 10 ms longer with the observer dynamics taken into account. This timespan depends on the thresholds for the generalized external forces, which was here chosen to be 0.001 N or 0.001 Nm, respectively and the filter frequency 1/K O . Furthermore, when using force/torque sensors, smaller delay but larger error in the estimated external force can be observed. As the error ofq is driven by τ ext and M (q) is nearly constant for the robot at standstill, the contact point can still be estimated correctly with the compensated force/torque sensor.
VII. CONCLUSION
In this paper, we propose a unified framework for collision detection, isolation and identification of generalized external forces acting along a humanoid robot. Apart from standard proprioceptive sensing, the proposed scheme makes use of joint torque measurements and acceleration estimates. Noticeably, it is shown how a generalized momentum observer may be used to calculate these quantities. As the consequential next step, information from load-compensated force/torque sensors, which can be located arbitrarily along the robot structure, is integrated. Considering ideal measurements it is shown that estimating the position of a single contact for humanoid robots is possible without any additional sensors. The positions of multiple concurrent contacts may be estimated with additional force/torque sensors, or, under certain conditions, even without additional sensors.
Future work will cover analyzing the robustness of our scheme in more realistic simulations, in particular with respect to model uncertainties and sensor noise, as well as real world setups. Also, the complexity and execution time of the algorithm on a real-time enabled system has to be examined closely. Furthermore, we will investigate the further systematic fusion of joint torque and force/torque sensing in the collision handling context. Other open questions relate to the thorough yet practical handling of contacts with external moments such as surface contacts and dealing with singularities.
